M A R J A N A L E Ž A I Ć
A ny science student will tell you that metals are good conductors of electric currents, whereas insulators do not allow a current to pass. A consequence of these simple facts is that a range of physical phenomena are reserved either for only the former or the latter class of material. But in this issue, Kim et al. 1 (page 68) show that some materials can, in certain respects, sit on both sides of the fence when fabricated according to particular design principles.
When atoms are organized into solids, they share some of their electrons. In metals, these electrons are free to move, but they remain relatively tightly bound to the atoms in semiconductors or insulators. Electrons move in accordance with electrostatic forces, which means that if a microscopic charged particle is 'dipped' into a metal, the metal's freely moving electrons become distributed so that the particle's charge does not influence electrons (or any other charged particles) a few ångströms away. This phenomenon is known as screening.
In insulators, there are no electrons that can move across the lattice and the charge distributions can be quite different from those in metals. For example, in ferro electric materials, positively and negatively charged ions assemble as a crystal lattice and are arranged such that they form tiny electric dipoles. These dipoles interact through electro static forces so that they align with each other.
Ferroelectric-like phases are generally not expected to form in metals, because screening prevents the electric dipoles from 'feeling' each other's presence and so stops them from aligning. The possible existence of 'polar' metals that contain ferroelectric-like phases was nevertheless suggested more than 50 years ago 2 , although few have been reported, including a handful of oxides 3, 4 . Theoretical principles for designing polar metals were eventually outlined 5 in 2014. Essentially, these state that the mechanism leading to the formation of electric dipoles should be insensitive to the behaviour of the metal's conduction electrons, and they indicate ways to fulfil this requirement in crystals.
Kim and colleagues have combined experimental and theoretical efforts to achieve the first implementation of these principles in thin films. They have prepared a polar metal in thin films of neodymium nickelate (NdNiO 3 , from the rare-earth nickelate family of compounds), which has a crystal lattice known as a distorted perovskite lattice. The authors also suggest other rare-earth nickelates that have distorted perovskite lattices as candidates for forming polar metals.
So let's talk perovskites. Simple perovskite structures can form from compounds that have the chemical formula ABO 3 , in which A and B are positively charged ions (cations) and the three oxygens are negatively charged oxide ions. Ions A sit at the corners of a cube, with B at the centre; an oxygen ion occupies the middle of each face of the cube, forming an octahedral cage around the B ion (Fig. 1a) . This structural unit is repeated in all three directions to build a bulk crystal.
But in most perovskite materials, this ideal cubic structure is unstable: different cation types have different sizes, and so the oxygen cages can tilt and rotate (Fig. 1b) . These distortions are often accompanied by small antialigned displacements of the cations from the ideal structure. However, if all of the positively charged A or B ions shift in the same direction with respect to the negatively charged oxygen lattice, or if both types shift, then electric dipoles form; such displacements are said to be polar.
The rotations of the oxygen cages and the polar displacements of A cations (Nd 3+ ions in the case of NdNiO 3 ) compete with each other in lattices such as the NdNiO 3 lattice 6 : cage rotations are the preferred distortion, but if these are prevented from occurring, then polar Nd displacements take place instead. More over, NdNiO 3 is metallic at room temperature and, importantly, its conduction electrons are not derived from the Nd 3+ cation. This material therefore seems to be an ideal candidate to fulfil the design criteria for polar metals.
Kim et al. verified this hypothesis with first-principles calculations, which describe the behaviour of materials using the laws of quantum mechanics. The authors also theoretically determined the maximum angles of the oxygen-cage tilts that would still allow polar displacements to occur in NdNiO 3 . The naturally occurring tilt angles are larger than the maximum angles that allow polar displacements, so the authors then developed a practical method to reduce the tilts. This involved growing thin films of the material on a substrate (the perovskite LaAlO 3 ; La is lanthanum, Al is aluminium) that was specifically chosen because its own tilt pattern counteracts that in NdNiO 3 . The substrate can therefore rotate the cages to reduce the tilts in the neodymium compound (Fig. 1c) and so induce polar displacement of the Nd 3+ cations. This is similar to the way in which the rotating motion of cogs in some clockwork devices is transformed into linear motion elsewhere in the device -a beautiful example of atomic-scale engineering.
The authors used several experimental techniques to verify that the thin films were indeed both polar and metallic. They also showed that the crystal orientation of the substrate, which determines the 'grip' that the substrate has on the network of oxygen cages in the thin film, can tip the balance between whether an exotic polar metal or just another normal conductor forms.
The ability to engineer cage tilts at perovskite interfaces opens a fresh arena for controlling the properties of materials, but there are several notable practical aspects to consider in this approach. Interface engineering can be hampered by naturally occurring structural defects in the materials concerned, and by cation intermixing that occurs when two different materials are brought together. It is also not clear how deep into the grown film the physical properties induced by the interface can persist. Choosing a substrate that has an appropriate oxygen-cage tilt pattern is clearly crucial for fabricating materials with desired properties, but careful studies are needed to understand the parameters that control the oxygen tilts and that might make one substrate more suitable than another.
Nevertheless, the ability to use established design principles to make polar metals should reduce the scarcity of these materials, and warrants further experiments and calculations that focus on their properties and potential applications. At a fundamental level, this discovery could provide insight into the effectiveness and routes of electronic screening in complex metals. But polar metals also offer interesting functionalities -some of them are superconductors 3 , for example, whereas others have strongly directionally dependent thermal properties 5 . The microscopic clockwork mechanism reported by Kim et 
